Aim The amphibians and reptiles of the Great Lakes are diverse in their basic biology and natural history. These species are also widely distributed and overlap highly in their spatial extent. The Great Lakes basin includes 35,000 islands that differ in aspects of their geography, geology and climate, but that share a common post-glacial history. This system provides a unique opportunity to assess the relative importance of biotic vs. abiotic factors in the development of nestedness. Our goal was to document and explain the patterns of nestedness across a variety of spatial and taxonomic scales.
INT RODUCTION
Over the past decade ecologists and biogeographers have devoted increasing attention to the pattern of nested species assemblages in insular habitats. Nestedness occurs where assemblages in depauperate sites are comprised of species that constitute subsets of species that occur in successively richer sites. In nested biotas, common species tend to occur in all sites while rare species tend to occur only in the richest sites. This pattern indicates a high level of non-random organization of assemblages and has important implications for conservation (Patterson & Atmar, 1986; Patterson, 1987) . Patterson & Brown (1991) suggested that three conditions necessary for the development of nestedness are a common biogeographical history, similar habitats and hierarchical niche relationships. The first two conditions require that islands and their biotas are comparable (i.e. same species pool) and the third condition requires that species in the pool differ in their natural histories and/or resource requirements. Wright et al. (1998) viewed this third condition as a collection of four filters (area, distance, habitat and sampling) that screen species occurrence on islands, and they suggested that evolutionary history, recent history and spatial variation act to constrain community homogeneity (i.e. Patterson and Brown's first two conditions).
Nested patterns in island systems were first reported by Darlington (1957) as 'immigrant patterns' which he attributed exclusively to selective colonization. Interest waned until Patterson & Atmar's (1986) seminal contribution in which they developed a metric for quantifying nestedness. Over the past decade, research on nested species subsets has advanced on two fronts. First, numerous metrics have been developed and their efficacy debated (reviewed in Wright et al., 1998) . Secondly, a proliferation of empirical studies is providing evidence of the generality of nestedness and is helping to elucidate its cause(s). Nestedness occurs in many taxa including plants (Kadmon, 1995; Honnay et al., 1999) , invertebrates (Fleishman & Murphy, 1999; Sfenthourakis et al., 1999) , vertebrates (Nores, 1995; Conroy et al., 1999) , and in both true islands (Yiming et al., 1998) and insular mainland systems (Hecnar & M'Closkey, 1997a) . Numerous studies and a recent review of nestedness (Wright et al., 1998) have revealed a number of apparent generalities. Most systems are nested, extinction-driven biotas are usually more nested than colonization-driven systems, no latitudinal trends exist, and there are few differences among taxa in the level of nestedness. Most authors agree that nestedness arises ultimately as the product of selective extinction and/or selective colonization. Among archipelagoes, it has been suggested that extinction-driven biota such as those on 'landbridge' (mainland) islands are more highly nested than colonization-driven biota on 'oceanic' islands (Patterson & Atmar, 1986; Wright & Reeves, 1992) . This difference is explained by the fact that landbridge islands start with a full complement of species whereas oceanic islands start with no species present (Patterson & Atmar, 1986) . Most empirical studies have focused on nestedness in selected taxa on individual archipelagoes and then make comparisons with other systems. However, taxa and archipelagoes in different regions are the products of different geological and evolutionary histories. Although these comparisons are valuable in themselves, differences in biogeographical history may make it difficult to elucidate the relative roles that biotic factors (e.g. basic biology, body plan, natural history) and abiotic factors (e.g. geography, geology, climate) play in the development of nestedness. For example, body size is known to affect virtually every aspect of a species' biology including area requirements (home range), dispersal, geographical range size, trophic position and outcome in interspecific interactions (Peters, 1983; Brown, 1995) . Considering these biotic differences among taxa, we would expect there to be differences in properties of assemblages such as nestedness (Perry et al., 1998) . Taxa having a wide range of biological attributes should show a greater degree of nestedness.
Our main goal was to determine and explain patterns of nestedness of amphibians and reptiles on islands in the Great Lakes of North America. Our specific objectives include determining if there are differences in relative nestedness among taxa and among locations. Most amphibian and reptile species occurring in the Great Lakes Basin are wideranging species (see maps in Conant & Collins, 1998) whose overlapping ranges result in a species pool having a large spatial extent (see Results). However, these taxa differ widely in their natural histories, body plan and ecology (Harding, 1997; Conant & Collins, 1998; Pough et al., 2001) . Within the area covered by this species pool are islands and archipelagoes that differ in geology, geography, climate and some aspects of their shared post-glacial history. We hypothesized that the degree of nestedness would differ among both taxa and archipelagoes. This system provides a unique opportunity to address questions regarding the relative roles of biotic vs. abiotic factors in the development of nestedness at a variety of spatial and taxonomic scales.
METH ODS

Study system
The Laurentian Great Lakes of North America (area 244,000 km 2 ) is the largest freshwater lake system in the world (Botts & Krushelnicki, 1988) . The Great Lakes span over 800 km in latitude and 1200 km in longitude and contain over 35,000 islands. Although the basin was originally formed in the Precambrian era (3 billion years B P), it has been subjected to numerous episodes of glaciation making only the last 14,000 years since the final retreat of the Wisconsin glaciation of biogeographical interest. During this time the directions of outflows, isostatic rebound and changing lake levels (Karrow & Calkin, 1985) have provided dispersal corridors, barriers and created islands. The modern configuration of the five major lakes: Superior, Huron, Michigan, Erie and Ontario, and their islands, has existed only for about the past 5000 years (Karrow & Calkin, 1985) .
The North American amphibian and reptile fauna survived the last ice age virtually unscathed and fossils suggest that the species pool remained close to edges of the retreating ice sheets and that re-invasion from southern refugia was rapid (Holman, 1995 (Holman, , 1998 . In the lower Great Lakes (Erie, Ontario), low lake levels allowed landbridges to form between present day Ohio and southern Ontario, and at the eastern end of Lake Ontario and source of the St Lawrence River. As waters rose to present levels during the past 4000 years, islands formed in the western basin of Lake Erie and the Thousand Islands Region at the Lake Ontario-St Lawrence River connection. The western basin of Lake Erie would have been a landbridge for about 8000 years after glacial retreat before the lake level rose 4000 years ago (Forsyth, 1988) . Presumably, complete mainland faunas would have existed on these islands before lake levels rose. Thus all islands in the lower Great Lakes would be landbridge islands and presumably their faunas would be extinction-driven as supersaturated faunas relaxed to reduced areas (Wilcox, 1980) .
In Lake Huron and Georgian Bay, low post-glacial water levels resulted in a landbridge forming between the present day Bruce Peninsula and northern Ontario and forming land connections with present day islands along the shores of Georgian Bay. However, because of isostatic rebound and changes in outflows, water level initially rose about 8 m (Lake Nipissing stage) above present-day levels before receding again (King, 1988) . These islands would have likely begun with complete mainland faunas but those with lower relief were completely inundated. Thus the Lake Huron and Georgian Bay islands are a combination of both landbridge and 'oceanic' islands and presumably their faunas are both extinction-and colonization-driven.
In western Lake Superior, post-glacial lake levels were at their lowest point about 10,500 years ago (Lake Minong stage) and the present-day Bayfield Peninsula extended far into the lake basin (Farrand, 1969) . As the land rebounded and glacial spillways changed, the lake level rose to nearly present-day levels about 5000 years B P forming the Apostle Islands (Farrand, 1969) . Thus the islands would have been landbridge islands that should have started with a full complement of species.
Archipelagoes
We compiled data for 107 islands occurring in four archipelagoes in the Great Lakes (Fig. 1) . These islands ranged across 6°of latitude, five orders of magnitude in area, and three orders of magnitude in isolation ( Table 1 ). The Lake Erie Islands consist of limestone and dolomite islands of low relief in the shallow western basin of Lake Erie. The bedrock is overlain by a thin glacial till and vegetation is characteristic of the Carolinian portion of the eastern deciduous forest (Rowe, 1972) . Low rocky shorelines and alvars occur on most of the islands and wetlands and upland habitats tend to occur on larger islands (pers. obs.).
The Georgian Bay Islands consist of limestone islands to the west in the Fathom Five group and a mix of limestone and granitic islands in the Beausoleil group on the east side of the bay. Islands consist of rocky outcrops, areas of deeper soils, and many ponds and bogs in low areas. Vegetation is transitional between the northern boreal forest and eastern deciduous forest (Rowe, 1972) .
The St Lawrence Islands are part of the 'Thousand Islands' chain which consists of Precambrian bedrock overlain by thin till soils. The islands are characterized by rocky granitic outcrops with thicker soils in intervening ridges. Vegetation consists primarily of hardwoods associated with the Great Lakes St Lawrence forest (Rowe, 1972) .
The Apostle Islands consist of sandstone bedrock overlain by glacial till. The vegetation contains elements of both the boreal and northern hardwood forest.
Climate on all the archipelagoes is humid continental and is strongly modified by lake effects (Botts & Krushelnicki, 1988) . Mean daily air temperature (January/July) ranges from about )2.5 to 24°C in the Lake Erie Islands to about )10 to 14°C on the Apostle Islands in Lake Superior. Mean daily water temperature (February/August) ranges from )0.1 to 22.9°C in Lake Erie to 0.0/14.5°C in Lake Superior (Irbe, 1992) . Mean annual precipitation is about 850-750 mm from south to north (Lake Erie to Lake Superior) (Botts & Krushelnicki, 1988) .
Species lists and source pool
For species lists we used recent accounts of amphibians and reptiles occurring on four island groups that have been thoroughly surveyed. The groups are the Lake Erie Islands (King et al., 1997) , Georgian Bay Islands National Park in Lake Huron (Nudds et al., 1996) , St Lawrence Islands National Park at the eastern end of Lake Ontario (Kamstra & Towle, 1991) , and the Apostle Islands National Lakeshore in Lake Superior. The list for the Apostle Islands is based on surveys conducted in 1998 and 1999 by one of us (G. Casper) and a review of prior investigations (Casper, 2001a) . Prior to analysis we communicated with Park officials to verify that our records were complete.
To determine the potential species source pool we examined published distribution maps (Casper, 1996; Conant & Collins, 1998) and checked records in the Ontario Herpetofaunal Summary (Oldham & Weller, 2001) and Wisconsin Herpetological Atlas Project (Casper, 2001b) . We considered that any species occurring on mainlands adjacent to the target archipelagoes were members of the species pool. For species names we followed the taxonomy in Crother (2000) .
To compare species between islands and mainlands we took two approaches. First, we took a species level approach and compared similarity using the Coefficient of Biogeographical Resemblance (CBR) (Duellman, 1990) ,
where C is the number of species in common to two areas, and N 1 and N 2 are the numbers of species occurring in each area, respectively. This index provides a metric ranging from 0 (no common species) to 1 (identical species). Secondly, we took a community level approach and compared the composition of the faunas (number of species in each order) to determine if the islands were in harmony with mainlands (Brown & Lomolino, 1998) . We then compared the proportionate species composition in orders between islands and mainlands with a G-test (William's corrected).
We examined the relationship of species richness with area and isolation by multiple regression. To determine areas of islands and their distance from mainland sources (isolation) we used data from the published accounts where available. For the remaining islands we scanned portions of topographic maps and used image analysis software (SigmaScan Pro 5; SPSS Inc., Chicago, IL, USA) to determine area and distance.
Body size has important ecological and evolutionary implications (Peters, 1983; Brown, 1995) . To compare the relationship between body size and nestedness among orders and species we calculated the mid-point of the adult size ranges for species that occurred on our islands using the data in Conant & Collins (1998) . Because each order differs in body plan and measurements, we converted all the size data to weights using allometric equations (Pough, 1980) to 
Nested analyses
We prepared data by constructing presence/absence matrices (1 ¼ present, 0 ¼ absent) where columns and rows represented species and islands, respectively. We then conducted nestedness analyses at three different spatial scales (entire basin, archipelago, subarchipelago) and four different taxonomic scales (subphylum, class, order, species). To determine nestedness of assemblages we used the Nested Temperature Calculator computer program (Atmar & Patterson, 1995) . This program calculates a temperature value (T) for the matrix ranging from 0 to 100°based on its presence/absence structure. A temperature of 0°indicates maximum order (maximum nestedness) and 100°indicates disorder (complete lack of nestedness) (Atmar & Patterson, 1993) . To determine the significance of T (observed temperature) it is compared with the distribution of simulated temperatures produced by randomization of the matrix in Monte Carlo simulations (1000 iterations). We used this method because of its good statistical properties and because it can be directly compared among different systems (Wright et al., 1998) . We determined the degree and significance of nestedness for the entire fauna, each class (Amphibia, Reptilia), each order (Anura-frogs and toads, Caudatasalamanders, Squamata-snakes and lizards, and Testudinesturtles), the entire basin and each archipelago separately. To compare the nested temperature among taxa and archipelagoes, we first used two-way AN OVA without replication (Sokal & Rohlf, 1995) (4 orders · 4 archipelagoes) as an exploratory analysis. Because there was no significant difference among archipelagoes (see Results, Table 7 ) we used locations as replicates and conducted a t-test to compare classes and a one-way ANOVA and multiple comparisons to compare among orders. To determine nestedness for individual species we used the Wilcoxon two-sample test (Mann-Whitney U-test) (Schoener & Schoener, 1983; Patterson, 1984; Simberloff & Martin, 1991; Hecnar & M'Closkey, 1997a) . Because the magnitude of the U score is dependent on sample size, we report instead the chi-square approximation (1 d.f.) and respective probabilities to permit comparison within and among individual species. We use the term 'nestedness' when referring to individual species simply as a matter of convenience because nestedness is really a property of assemblages. Occurrence patterns of individual species may or may not conform to nestedness. All statistical analyses were conducted using Systat 9.01 (SPSS Inc.).
The Nested Temperature statistic (T) provides a rigorous standardized metric of nestedness but the program reorders matrix columns and rows to minimize unexpectedness and it is neutral with respect to causation. We therefore also used Lomolino's (1996) 'departures' nested method which allows ranking of sites by other criteria. This method is based on the observed departures of species occurrences from perfect nestedness in the ordered matrix relative to the mean number of departures from randomly ordered matrices (1000 iterations) and produces a metric known as percent perfect nestedness (% PN). We compared the degree of nestedness for our system after first ranking sites by area and then after ranking sites by isolation. This permitted us to determine if nestedness is more strongly related to either the area-extinction hypothesis or isolation-colonization hypothesis (for alternative method see Patterson & Atmar, 2000) . Considering that most islands in the Great Lakes are landbridge or mainland islands, we hypothesized that area would show a stronger signal than isolation.
RESULTS
A total of forty-five species (twenty-one amphibians, twentyfour reptiles) occurred among the 107 islands of the four archipelagoes (Table 2) . Species incidence (% of islands occupied) ranged from <1 to 61% of the islands (Fig. 2) . A high level of species similarity (mean AE SE) existed among archipelagoes (71 AE 4.6%), among their regional species pools (81 AE 2.6%), and between archipelagoes and their respective mainland source pools (90 AE 3.1%) ( Table 3 ). The composition of island faunas did not differ from mainland faunas at the scale of the entire system (G 3 ¼ 1.52, P ¼ 0.675) or for any individual archipelago (G s ¼ 0.42-1.45, P s ¼ 0.694-0.936) (Fig. 3) . Multiple regression indicated that species richness was more strongly associated with area than isolation ( Table 4) . Examination of partial regression coefficients indicated that the general trend among the archipelagoes was that total, amphibian and reptile species richness was positively and significantly correlated with area and negatively correlated (but not significant) with isolation (Table 4 ). The coefficients for isolation were significant for the entire system and Georgian Bay alone, but not for the other three archipelagoes. Area was not correlated with isolation for any of the archipelagoes (r s ¼ ) 0.15 to 0.25, Ps ¼ 0.53 to » 1).
We detected a high degree of nestedness for the entire fauna, each class and for each order (Table 5) . Two-way ANOVA ANOVA without replication revealed that the degree of nestedness differed significantly among orders but not among archipelagoes (Table 6 ). There was also no difference among archipelagoes when class is used instead of order (F ¼ 0.252, P ¼ 0.856). Because there was no difference among archipelagoes, we considered location data as replicates and used a t-test and one-way ANOVA to further explore the differences in nestedness among classes and orders, respectively. Reptiles were significantly more nested than amphibians (t ¼ 3.60, 7 d.f., P ¼ 0.011) (Fig. 4) . Nestedness among orders also differed significantly (Fig. 4 , Table 6 ). Multiple comparisons (Fisher's LSD) revealed that snakes were significantly more nested than anurans (P ¼ 0.046) and salamanders (P ¼ 0.001) but not turtles (P ¼ 0.227). Turtles were significantly more nested than salamanders (P ¼ 0.012), but not quite significantly different than anurans (P ¼ 0.067). Anurans and turtles were not significantly different (P ¼ 0.360). Wilcoxon two-sample tests indicated that nestedness at the level of individual species was more complex (Table 2) . Of the ten amphibian species that occurred on all archipelagoes, only one (Rana clamitans, green frog) was significantly nested everywhere. Five species were significantly nested on three of four archipelagoes and three species on two of four. Plethodon cinereus (eastern redbacked salamander) was significantly nested only on one of four archipelagoes. Similarly complex patterns of nestedness existed for amphibian species that occurred on only three or fewer of the archipelagoes. Of the four reptiles that occurred on all archipelagoes, only Chrysemys picta (painted turtle) was significantly nested everywhere. Of the other three species that occurred on all four archipelagoes, two were nested in two, and one in one. For reptiles occurring on three or fewer archipelagoes, complex patterns also existed. Four species, Crotalus horridus (timber rattlesnake), Regina septemvittata (Queen snake), Apalone spinifera (spiny softshell), and T. carolina (eastern box turtle), were not significantly nested on any of the archipelagoes (Table 2) .
Nestedness determined by the 'departures' method was more strongly related to sites ranked by area than when ranked by isolation (Table 7) . Percent perfect nestedness (% PN) was not significant for isolation sorted matrices for all species, classes or orders on any of the archipelagoes or for the entire basin. However, % PN for area sorted matrices was significant for all species, both classes, and for frogs, salamanders and snakes on all archipelagoes except the Apostle Islands. Percent perfect nestedness for turtles was significant only on the Lake Erie Islands.
The reptile species that occur on Great Lakes islands have a wider range in body weight and are significantly heavier than amphibians (reptiles: 532 AE 171.4 g, 4-3091 g; amphibians: 26 AE 9.7 g, 0.8-193 g; t ¼ 6.8, P < 0.001). Body weight ranges and mean body weight also differed among orders (salamanders: 18 AE 10.5 g, 0.8-99 g; anurans: 32 AE 15.1 g, 1.2-193 g; snakes: 247 AE 85.9 g, 4-1175 g; turtles: 1100 AE 434.2 g, 116-3091 g; ANOVA F 3,41 ¼ 16.2, P < 0.001) with salamanders being the smallest. 
DI SCUSSION Species occurrence
With few exceptions, those species that exist in the mainland species source pool also occur on islands. This general pattern is consistent with the fact that the islands in the Great Lakes are primarily landbridge islands that were only recently isolated. Disharmony in an insular fauna is taken as prime evidence for the role of long-distance dispersal (Carlquist, 1974) . The harmony of the species composition may indicate two things. Either not enough time has elapsed for faunal relaxation to occur and the islands are thus still supersaturated with species, or the areas of the islands themselves are sufficient to provide the resources needed to sustain viable populations of the species of amphibians and reptiles present. The archipelagoes in the Great Lakes formed in the post-Pleistocene as lake levels rose and are thus geologically young (c. 5000 years old) (Karrow & Calkin, 1985) . No endemic species occur but some evidence of early evolutionary change exists in the recognition of an insular subspecies of northern watersnake (N. sipedon insularum) (Conant & Clay, 1937) which occurs only on the Lake Erie Islands, in a high incidence of melanism in eastern gartersnakes (Thamnophis sirtalis sirtalis) in the Apostle Islands (G. Casper, pers. obs.), and in the possible development of gigantism in American toads (Bufo americanus 'alani') and western foxsnakes (Elaphe vulpina) on some Lake Michigan Islands (Hatt et al., 1948; Long, 1982) . If the archipelagoes are supersaturated with species there should be some evidence of faunal relaxation. The Lake Erie Islands are the southernmost of our archipelagoes and considering the general northward glacial retreat and immigration from southern refugia, it is likely the oldest fauna. Recent extinctions of species such as the timber rattlesnake (C. horridus) and northern cricket frog (Acris crepitans), have occurred on some Lake Erie Islands but it is difficult to determine if these are natural extinctions or anthropogenic extirpations (King, 1988; King et al., 1997) . Compared with other tetrapods, amphibians and reptiles tend to be smaller-bodied, have smaller home ranges and ectothermy confers tremendous energetic advantages relative to endotherms (Pough, 1980) . These basic biological attributes likely permit amphibians and reptiles to maintain minimum viable population sizes on smaller areas than endotherms require (Wilcox, 1980; Wright, 1981) . Schmiegelow & Nudds (1987) found that the slope of the speciesarea relationship (z) for herptiles on Georgian Bay Islands was intermediate between birds and mammals and interpreted this in terms of the energetic advantages of ectothermic metabolism.
Patterns of nestedness
We found a high degree of nestedness for the fauna across the entire basin, for each archipelago and each taxonomic group. Although each archipelago was significantly nested, there was no difference among archipelagoes. Despite subtle differences in geology (rock type), climate and vegetation (coniferous vs. deciduous) among archipelagoes, the suite of islands within each must provide structurally similar habitat for amphibians and reptiles. Smaller islands tend to be rocky with sparse vegetation, while larger islands often have a combination of shoreline types (rock, beach, marsh) and their interiors are usually forested and have wetlands. Considering the similarities in habitats, glacial history and species pool, it is not surprising that the individual archipelagoes support significantly nested faunas but do not differ in their relative degree of nestedness. It is apparent that Patterson & Brown's (1991) first two conditions regarding similar history and habitats applies at the scale of the entire Great Lakes basin. *P < 0.05, **P < 0.01, ***P < 0.001. Although the archipelagoes were similar in their patterns of nestedness, there were significant differences between classes, orders and individual species. Despite the fact that amphibians and reptiles share some similarities as ectothermic tetrapods, they also have important differences (Pough et al., 2001) . For example, amphibians as a class are relatively more aquatic in their habits, occupy lower positions in food webs, less vagile, more fecund and less dependent on temperature than reptiles. At the level of order there are also important similarities and differences among anurans, salamanders, snakes and turtles. Anurans and salamanders are both generalized arthropod predators but the former are more aquatic and the latter more terrestrial in their habitat use. Aquatic anurans and turtles both occupy similar shoreline and shallow water zones, but turtles have more varied diets and would likely also be less susceptible to fish predation than anurans (Hecnar & M'Closkey, 1997b) . Snakes and salamanders are similar in being more terrestrial than the other two orders but they also differ in diet, movements, habitat preference and other attributes. All four orders also have very different body plans. Even at the level of species within an order, there are important biological, physiological and ecological differences. Within anura for example, American bullfrogs are highly aquatic top-level predators, eastern gray treefrogs are arboreal, and American toads are highly terrestrial ground dwellers. These differences in basic biology and natural history provide a species pool with diverse variation in niche relationships which promotes nestedness (Patterson & Brown, 1991) .
It is therefore not surprising that we found highly significant nestedness at all taxonomic levels and that there are significant differences in nestedness between classes, orders and species. Reptiles were more highly nested than amphibians. This can be explained by their relatively higher trophic position, greater diet specialization, larger body and wider range in body sizes which would likely make them more dependent on a range of areas for required resources. These differences probably also account for the ranked order of nestedness (most to least) for orders: snakes, turtles, anurans, salamanders. The ranked order of nestedness largely concurs with the ranked range of body sizes among taxonomic orders (see Results). Salamanders were the least nested overall, and were significantly nested in only two of the four archipelagoes. This may be because of the near ubiquity of species such as the eastern red-backed and Jefferson complex salamanders and the less diverse range in life histories and habitat requirements of salamanders relative to the other orders. Salamanders also are the smallest and least variable in body size than the other three orders. Virtually all of the salamanders with the exception of the Mudpuppy (Necturus maculosus) are generalized arthropod predators with fossorial habits that inhabit moist forests (Harding, 1997; Conant & Collins, 1998) . Substantial areas of moist forest are common on many islands in the Great Lakes, promoted by the climate moderating effect of the large cold lakes and frequent misting (pers. obs.). Similar levels of nestedness were reported from a mainland system of forest fragments in Indiana (Kolozvary & Swihart, 1999) having many of the same species of amphibians as in our study. Nested temperatures (Indiana vs. this study) were: amphibians ¼ 16.45 vs. 15.51°, anurans ¼ 7.29 vs. 15.65°, salamanders ¼ 21.53 vs. 24.65°. Hecnar & M'Closkey (1997a) found similar patterns of nestedness in these same amphibian species on the mainland in southern Ontario which was related to habitat use, susceptibility to fish predation and dispersal ability. These similar results add further evidence for the importance of natural history differences among taxa affecting their degree of nestedness.
Patterns of nestedness within species were complex. Some species (e.g. green frog, painted turtle) were nested everywhere and others were significantly nested on some archipelagoes but not others. Although nestedness at higher taxa did not differ among archipelagoes, the complex patterns at the species level indicated that differences in island characteristics or history may be important. The occurrence pattern of the four species that were not nested anywhere (timber rattlesnake, queen snake, spiny softshell, eastern box turtle; Table 2 ) suggests somewhat of a 'relict pattern' (sensu Darlington, 1957) . Darlington (1957) attributed random (i.e. non-nested) 'relict patterns' to stochastic extinctions. However, only the timber rattlesnake's distribution resulted from extinction and is deterministic (human eradication; King et al., 1997) rather than stochastic. The other three species are habitat specialists (Conant & Collins, 1998 ) that appear to be recent colonists (two natural, one introduced; King et al., 1997) . However these few exceptions detract little from the overall patterns of nestedness at higher taxonomic levels in assemblages.
Causes of nestedness
The strong association of nestedness and species richness with area but not isolation and the harmonic structure of the biota is consistent with the physical geography and postglacial history of the Great Lakes island system. These predominantly landbridge islands vary considerably in area but little in isolation. The relative disparity in the range of area to isolation can explain the strong area but weak isolation signals that occur in many if not most true island systems (but see Conroy et al., 1999; Sfenthourakis et al., 1999) . In the Great Lakes of North America most islands occur close to shore and few are highly isolated. At 63 km from the mainland, Caribou Island (47°22¢ N, 85°49¢ W) in Lake Superior is the most isolated island in the entire Great Lakes. This distance is relatively short compared with many oceanic islands (e.g. Hawaiian Islands, 4000 km; Galpagos Islands, 800 km; Brown & Lomolino, 1998) . Species richness was significantly associated with isolation, but more weakly than with area, on the Georgian Bay islands (Table 4 ). This is not surprising considering that this archipelago is thought to be comprised of both landbridge and oceanic islands (see Methods -Study system). This effect also occurs at the scale of the entire system which likely results because nearly half of the islands we studied were in Georgian Bay. However, nestedness was not significantly associated with isolation in any case ( Table 7) . The strong area signal does not however, indicate that colonization did not play a role in community assembly or that dispersal does not play a role today (i.e. rescue effect, Brown & KodricBrown, 1977) . For example, mink frogs (Rana septentrionalis) occur on Caribou Island (Oldham & Weller, 2001) , and a diverse fauna of amphibians (eleven species) but few reptiles (three species) occur on Isle Royale (48°00¢ N, 88°50¢ W) another 'oceanic' island 23 km from the mainland in Lake Superior (Shelton, 1975) . The distribution of the eastern red-backed salamander in the Apostle Islands is also at odds with an extinction-driven hypothesis. This wholly terrestrial species distribution is associated more with distance from the mainland than with island area, and there may be additional factors operating, such as differences in forest type, competition and predation among the islands.
The strong association of nestedness and harmonic biotas on landbridge islands is often accepted as prime evidence for extinction-driven community assembly. Nestedness was strongly associated with area but not isolation for amphibians and reptiles on islands in the Great Lakes. These insular faunas are also in harmony with their mainland pools. While accepting the extinction hypothesis seems logical and parsimonious in many cases, ample evidence also exists of the importance of dispersal in this system. This may seem paradoxical with the lack of association of nestedness with isolation, but the short distances from the mainland can explain its absence. Target effects in immigration (Gilpin & Diamond, 1976; Lomolino, 1990) , intraisland dispersal (King, 1988; King et al., 1997) or rescue effects (Brown & Kodric-Brown, 1977 ) may also occur. These effects may commonly operate but would be masked considering the wide range of areas and low isolation of the islands in this study. Consistent with this is the suggestion that the species most likely to occur on islands are already widely distributed regionally (King, 1988) . For example, the American toad (B. americanus), northern leopard frog (R. pipiens), and green frog (R. clamitans) have the highest incidence on the islands we studied (34-54%, Fig. 2 ) and they are also the species having the highest incidence on the mainland in south-western Ontario (Hecnar & M'Closkey, 1998) . Furthermore, these three species also have the best dispersal capability (Hecnar & M'Closkey, 1997a) . This also appears to be the case for reptiles (pers. obs.). For example, the eastern gartersnake (Thamnophis sirtalis sirtalis) is the most common reptile on both islands and the mainland (Oldham & Weller, 2001) . Hatt et al. (1948) considered that all of the species of amphibians and reptiles that occurred on islands in eastern Lake Michigan could easily cross water. They pointed out that frogs and turtles are aquatic and could possibly swim to islands. Western Fox Snakes (E. vulpina), northern watersnakes (N. sipedon), and snapping turtles (C. serpentina) are good swimmers (Conant, 1951; King, 1987; Long, 1993) . The highly aquatic northern watersnake is ubiquitous in the Lake Erie islands (Table 2 ) and can remain afloat for 8 days (Brown, 1940) . American Bullfrogs (R. catesbeiana) are also highly aquatic and individuals have swam between islands in Lake Erie (Langlois, 1964) . Hatt et al. (1948) also noted that more terrestrial forms such as the eastern red-backed salamander (P. cinereus), milk snake (L. triangulum), and ring-necked snake (D. punctatus), and their eggs are commonly found in logs along shorelines and suggest that waif dispersal may occur. Although wide expanses of cold water might seem to pose a formidable dispersal barrier to vertebrate tetrapods, there is ample evidence for the importance of rafting in amphibian and reptile distribution (Darlington, 1957) . The flexible metabolism of ectothermy and other traits may pre-adapt amphibians and reptiles for waif dispersal (Anderson, 1960) . King (1988) provided examples of seven reptile species inhabiting 'oceanic' islands in the upper Great Lakes that would have had to cross 1-14 km of open water. The relatively diverse herpetofauna of Isle Royale is also thought to have resulted via waif dispersal from the northern Ontario mainland (Shelton, 1975) . Simberloff & Martin (1991) argued that community-wide measures of nestedness reveal little about its causes and that colonization is equally as likely to produce nestedness as extinction. They suggested that using a single-species approach and considering characteristics of individual species was more informative. In our study, using the individual species nestedness approach and considering the dispersal capabilities of some species individually does provide evidence that using community-wide measures alone may mask some of the importance of colonization in producing nestedness. However, we find that using both communitywide and individual species approaches in conjunction is more informative than either approach alone.
Regardless of the relative importance of isolation in this system, area alone explains most of the pattern of nestedness and species richness on islands. The strong area effect we detected may not be completely, or even mostly, the result of selective extinctions or dispersal. Considering the range of natural histories and biological traits that occur among the amphibians and reptiles of the Great Lakes, it is feasible that the area effect is produced by species in habitat selection where the habitats are themselves nested (e.g. Honnay et al., 1999) . Unfortunately, detailed data at the habitat scale is not presently available for the entire Great Lakes island system. However, our personal observations and those of others suggest that specialized habitats are nested on larger islands. Small islands are often no more than rocky shoals and the variety of shoreline types, vegetation, wetlands and upland habitat increase as island area increases. For example, bogs, ponds and marshes only occur on the largest islands in the St Lawrence Islands (Werner, 1959) . Highly aquatic species such as American bullfrogs or green frogs require permanent bodies of water that rarely occur on smaller islands. In the Apostle Islands, breeding wetland availability was perceived as a limiting factor for pond breeding amphibians on many islands which had sharp relief and few or no wetlands, and only islands with lagoons supported highly aquatic amphibians such as mink frogs and eastern newts (Notophthalmus viridescens) (G. Casper, pers. obs.) . Terrestrial snakes that are specialist predators [e.g. Eastern Hog-nosed Snake (H. platirhinos), ring-necked snake (D. punctatus)] may also be nested because their prey are nested. Wright et al. (1998) suggested that four filters operate to screen species occurrence in insular habitats and produce nested biotas. The area filter appears to be the most important in our system. Species-specific resource requirements and differential minimal area requirements result in different patterns of incidence on the islands. Hager (1998) investigated the sequence of disappearance of amphibians and reptiles from a subset of the islands that we studied and found that species dropped out of assemblages in the same order on the Georgian Bay Islands and Lake Erie Islands as area is reduced. However, she was unable to identify lifehistory traits that were correlated with area. The general observation that more habitat types appear to occur on larger than smaller islands suggests that a habitat filter exists. However, a rigorous test of the nested-habitat hypothesis was beyond the scope of our study and available data. Observations that species which are common on islands also tend to be those that are common on mainland suggests that a sampling filter (sensu Cutler, 1994) may also be operating. Finally, our results indicate that the distance filter either does not operate or is very weak. This appears to be a function of the close spatial proximity of most islands in the Great Lakes to the mainland source pool.
Conservation implications
The Great Lakes basin of North America is one of the most heavily populated and impacted regions by humans (Botts & Krushelnicki, 1988) . A high level of habitat loss throughout the basin is one of the most important conservation issues. Islands are often the last places that become heavily impacted in the Great Lakes region and their isolation from human activity may act as a refuge for their biota. A number of parks or reserves have been established among the Great Lake's 35,000 islands and new island parks are planned (e.g. Parks Canada -Lake Superior Islands Marine Park).
The generality of nested species assemblages has revived the single large or several small reserves (SLOSS) concept in conservation biology (Simberloff & Martin, 1991) . If rare species only occur on the richest and largest islands, then protection of a small number of large islands would preserve more biological diversity than several smaller reserves of equivalent area. However, Simberloff & Martin (1991) consider that neither the SLOSS nor nestedness approaches provide much insight into reserve design.
The high level of nestedness, the strong effect of area, and the similarity of insular amphibians and reptiles with their source pools has several implications for conservation of the Great Lakes herpetofauna. First, similar conservation measures could likely be applied to any islands in the Great Lakes system. Secondly, larger islands would conserve higher diversity than an equivalent area of several smaller islands. and thirdly, results of studies conducted on Great Lakes islands are readily applicable to mainland situations.
CONCLUSION
The islands of the Great Lakes support a diverse and highly nested amphibian and reptilian fauna that closely resembles the mainland fauna in its composition. The fauna were significantly nested on all four archipelagoes we investigated but the degree of nestedness did not differ significantly among archipelagoes. Despite some differences in geology, geography, climate and aspects of glacial history, each archipelago appears to provide similar ranges in habitats that amphibians and reptiles require. The degree of nestedness differed significantly among taxonomic groups. Between classes, reptiles were more nested than amphibians. Among orders, nestedness decreased in rank order from snakes, turtles, anurans to salamanders. Differences among taxa in their basic biology, body plans and natural history appears to play an important role in the development of nestedness through their habitat selection and area requirements. In most of our analyses, we found that nestedness and species richness was strongly associated with area but not with isolation. This can be explained by the fact that most islands in the Great Lakes are landbridge islands and are close to mainland source pools. However, ample evidence exists that immigration still plays a role in the development of assemblages. The similarities in nested patterns at sites, the significant intertaxon differences in nestedness, and the wide-ranging species pool, suggest that preservation of large islands would be a more effective conservation strategy than preserving equivalent areas of smaller islands. Our study highlights the importance of biotic characteristics in the development of nestedness which may not be readily apparent when comparing patterns across systems that differ in biogeographical histories.
